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Abstract: Curcumin has been well studied for its anti-oxidant, anti-inflammatory, and anti-cancer
action. Its potential as a therapy is limited due to its low bioavailability and rapid metabolism.
To overcome these challenges, investigators are developing curcumin analogs, nanoparticle
formulations, and combining curcumin with other compounds or dietary components. In the
present study, we used a 1-chromonyl-5-imidazolylpentadienone named KY-20-22 that contains both
the pharmacophore of curcumin and 1,4 benzopyrone (chromone) moiety typical for flavonoids,
and also included specific moieties to enhance the bioavailability. When we tested the in vitro
effect of KY-20-22 in triple-negative breast cancer (TNBC) cell lines, we found that it decreased
the cell survival and colony formation of MDA-MB-231 and MDA-MB-468 cells. An increase
in mitochondrial reactive oxygen species was also observed in TNBC cells exposed to KY-20-22.
Furthermore, KY-20-22 decreased epithelial–mesenchymal formation (EMT) as evidenced by the
modulation of the EMT markers E-cadherin and N-cadherin. Based on the fact that KY-20-22 regulates
interleukin-6, a cytokine involved in chemotherapy resistance, we combined it with paclitaxel and
found that it synergistically induced anti-proliferative action in TNBC cells. The results from this
study suggested that 1-chromonyl-5-imidazolylpentadienone KY-20-22 exhibited anti-cancer action in
MDA-MB-231 and MDA-MB-468 cells. Future studies are required to evaluate the anti-cancer ability
and bioavailability of KY-20-22 in the TNBC animal model.
Keywords: curcumin; triple-negative breast cancer; paclitaxel; IL-6

1. Introduction
Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is one of the major
polyphenols present in turmeric. Traditionally, turmeric has been used in South Asian countries for
microbial infections and any kind of inflammation. Recent studies demonstrated the vast action of
curcumin as an anti-oxidant, anti-inflammatory, anti-cancer, and anti-microbial agent [1–5], and its
anti-proliferative and anti-metastatic action has been established in breast cancer [3–5]. Studies have
explored the potential use of curcumin in triple-negative breast cancer (TNBC), a subtype of breast
cancer that lacks available therapeutic targets, such as the estrogen receptor (ER) and HER2, as well
as the progesterone receptor. Chemotherapy is the current standard therapy for TNBC; however,
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most patients develop resistance towards the treatment, which results in tumor recurrence and cancer
metastasis [6]. One of the other characteristics of TNBC is the BRCA1 mutation in the hereditary
phenotype and the silencing of wild type BRCA1 in the sporadic phenotype [7]. Studies have suggested
that curcumin could re-express BRCA1 expression in TNBC [8]. Curcumin-exposed HCC-38 and
UACC-3199 cells expressed BRCA1 gene expression by reducing the DNA promoter methylation
level [9]. Curcumin increased wild type BRCA1 protein expression, phosphorylation, and cellular
localization, but not those of mutant BRCA1 [10]. Our recent studies have also suggested that curcumin
enhances wild type BRCA1 by modulating chromatin histone acetylation [8].
Various signaling pathways have been detected in curcumin’s anti-cancer activity [11,12]. A major
challenge facing curcumin therapy is its low bioavailability, which is due to poor absorption, rapid
metabolism, and rapid elimination [13]. To overcome these challenges, various strategies have been
identified to improve curcumin action in a physiological system, including the development of curcumin
analogs, various types of nanoparticle formulations, and the combination of other dietary components
with curcumin [13–15]. Curcumin exhibited higher anti-cancer action when it was combined with
piperine [16]. A study in breast cancer cells identified that curcumin and piperine reduced breast
stem cell self-renewal by targeting lipid metabolism, specifically reducing the stearoyl-CoA desaturase
enzyme [17]. A variety of studies have found that curcumin increases its anti-cancer action when
it is combined with quercetin, a major polyphenol present in fruits and vegetables [18]. It has been
recognized widely for its anti-oxidant and anti-inflammatory action, and reports are also available on its
anti-cancer action for various cancers [19,20]. Individually, the bioavailability of curcumin and quercetin
is significantly low [21,22]. Studies have shown, however, that quercetin enhances the bioavailability
of curcumin in cancer cells [23]. Zhang et al. reported that a combined treatment of curcumin and
quercetin increased the apoptosis of gastric cancer cells via the mitochondrial pathway [24]. Our recent
studies suggested that the combination of curcumin and quercetin synergistically activated BRCA1
expression and inhibited TNBC cell survival compared to individual treatments of curcumin and
quercetin [8]. Another study reported the synergistic anti-proliferative action of curcumin and quercetin
in various cancer cells [25]. Mutlu Altundag et al. reported that the combined administration of
curcumin and quercetin increases the apoptosis of chronic myeloid cells [26]. Ongoing investigations
are focusing on different delivery systems of these compounds using nanoparticles [27,28]. For instance,
a very recent study by Mansourizadeh et al. showed that apoferritin nanoparticles loaded with
quercetin and curcumin (Que-Cur-HoS-Apo NPs) exhibited a synergistic anti-tumor effect in MCF-7
breast cancer cells [29].
Our approach was to use the dienone KY-20-22 (3-((1E,4E-5-(1-ethyl-1H-imidazol-2-yl)-3-oxopenta1,4-dien-1-yl)-4H-chromen-4-one), which contains the pharmacophore of curcumin and
1,4-benzopyrone (chromone) moiety typical for flavonoids including quercetin. This compound
possesses a nitrogen-containing heteroaromatic ring, a molecular weight of 320, a Clog P of 1.89, and a
tPSA of 59, implying a high probability of its good oral bioavailability. Earlier studies demonstrated
that this compound exhibits anti-proliferative action in prostate cancer cells [30]. The five-membered
heterocyclic ring in the dienone has been established as the optimal bioisostere of the phenyl ring
in curcumin by making significant contributions to the improved potency in prostate cancer cells
and superior bioavailability in rats [31]. Our present study concentrated on the in vitro effect
of this 1-chromonyl-5-imidazolylpentadienone KY-20-22 in TNBC cell line models. The dienone
dose-dependently inhibited the cell survival and growth of TNBC cell lines MDA-MB-231 and
MDA-MB-468. Based on findings that a combination of different chemotherapy drugs or the addition of
any therapeutic molecule to chemotherapy drugs enhances the anti-cancer action of the chemotherapy,
the present study studied the influence of KY-20-22 on the anti-cancer action of paclitaxel. Our results
suggested a synergistic action of paclitaxel and KY-20-22 against TNBC cells.
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2. Results
2.1. Anti-Proliferative Action of 1-Chromonyl-5-Imidazolylpentadienone KY-20-22 in TNBC Cell Lines
Our previous study suggested that curcumin and quercetin act synergistically to inhibit
the cell growth of TNBC cells compared to individual treatment [8]. The present study
used 1-chromonyl-5-imidazolylpentadienone, KY-20-22, which contains the pharmacophore of
both curcumin and quercetin. The previous study suggested that this dienone induced an
anti-proliferative effect in prostate cancer cells [30]. Further study found that this dienone is more
potent and exhibit higher bioavailability compared to curcumin [31]. To determine the effect of
1-chromone-5-imidazolepentadienone KY-20-22 on TNBC cell survival, an MTT assay was carried out
using different doses (0–50 µM) of KY-20-22 for different time courses (24, 48, and 72 h) in MDA-MB-231
and MDA-MB-468 cells. The results suggested a dose-dependent inhibition of the cell survival of both
cell lines.
After 72 h of treatment, a 10 µM concentration of KY-20-22 reduced the cell survival of MDA-MB-231
by approximately 60% (p < 0.001) and that of MDA-MB-468 by approximately 68% (p < 0.001)
(Figure 1A,B). The IC50 value of KY-20-22 was approximately 5 µM for both MDA-MB-231 and
MDA-MB-468 cells. Further to determine the effect of KY-20-22 on the growth of MDA-MB-231 and
MDA-MB-468 cells, a trypan blue assay was carried out with different concentrations (0–10 µM)
of KY-20-22 for different time intervals (24, 48, and 72 h). Vehicle-treated control (0 µM) showed
time-dependent growth of both MDA-MB-231 and MDA-MB-468 cells, whereas KY-20-22-treated
MDA-MB-231 and MDA-MB-468 cells exhibited a dose-dependent reduction of cell growth, and a
significant reduction was observed with a 0.5–1 µM concentration of KY-20-22 (p < 0.001, Figure 1C,D).
Furthermore, the effect of KY-20-22 was tested in T47D cells, an ER-positive breast cancer line, to test
whether the action of KY-20-22 is specific to TNBC cells. We found that KY-20-22 was more effective in
TNBC cells compared to T47D. The IC50 value of KY-20-22 for T47D was 50 µM. This is 10 times higher
than that required for MDA-MB-231 and MDA-MB-468 cells (Figure 1E,F).
The inhibition of cell growth by KY-20-22 was further confirmed by a colony formation assay.
The results revealed a dose-dependent response, where even a 1 µM concentration of KY-20-22
decreased (p < 0.05) the colony formation, and treatment with a 10 µM concentration of KY-20-22
had a significant effect in reducing the colony formation of both MDA-MB-231 and MDA-MB-468
cells compared to vehicle-treated cells (p < 0.001) (Figure 2A–D). These studies indicate that KY-20-22
treatment significantly reduced TNBC cell line growth.
Furthermore, we carried out experiments to assess whether KY-20-22 treatment increases ROS
generation in MDA-MB-231 cells. Mitochondrial ROS generation was determined in real time using
fluorescent MitoSox Red superoxide indicator in MDA-MB-231 cells treated with KY-20-22. The results
suggested that KY-20-22 significantly increased mitochondrial ROS generation (Figure 2E). For a
positive control, mitochondrial ROS generation was detected in cells treated with hydrogen peroxide.
This result suggests that KY-20-22 may induce cell death by generating mitochondrial ROS.
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Figure 1. Effect of KY-20-22 on cell survival and growth of triple negative breast cancer TNBC and T47D
cell lines. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay of MDA-MB-231
(A) and MDA-MB-468 (B) cells treated with different concentrations (0–50 µM) of KY-20-22 for different
time intervals
h). Trypan
bluesurvival
exclusion
assay
of MDA-MB-231
(C) and
MDA-MB-468
(D)and
cells
Figure
1. Effect(0–72
of KY-20-22
on cell
and
growth
of triple negative
breast
cancer TNBC
treated
different
concentrations of KY-20-22 (0–50 µM) for 72 h. (E) MTTbromide)
assay andassay
(F) trypan
blue
T47D
cellwith
lines.
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
of MDAexclusion assay of T47D cells treated with different concentrations (0–100 µM) of KY-20-22 for 72 h.
MB-231 (A) and MDA-MB-468 (B) cells treated with different concentrations (0–50 µM) of KY-20-22
Each data point represents the mean ± SD from three independent experiments, * p < 0.05, ** p < 0.01,
for different time intervals (0–72 h). Trypan blue exclusion assay of MDA-MB-231 (C) and MDA-MBand *** p < 0.001 (vehicle control vs. treatment groups).
468 (D) cells treated with different concentrations of KY-20-22 (0–50 µM) for 72 h. (E) MTT assay and
(F) trypan blue exclusion assay of T47D cells treated with different concentrations (0–100 µM) of KY20-22 for 72 h. Each data point represents the mean ± SD from three independent experiments, *p <
0.05, **p < 0.01, and ***p < 0.001 (vehicle control vs. treatment groups).

The inhibition of cell growth by KY-20-22 was further confirmed by a colony formation assay.
The results revealed a dose-dependent response, where even a 1 µM concentration of KY-20-22
decreased (p < 0.05) the colony formation, and treatment with a 10 µM concentration of KY-20-22 had
a significant effect in reducing the colony formation of both MDA-MB-231 and MDA-MB-468 cells
compared to vehicle-treated cells (p < 0.001) (Figure 2A–D). These studies indicate that KY-20-22
treatment significantly reduced TNBC cell line growth.
Furthermore, we carried out experiments to assess whether KY-20-22 treatment increases ROS
generation in MDA-MB-231 cells. Mitochondrial ROS generation was determined in real time using
fluorescent MitoSox Red superoxide indicator in MDA-MB-231 cells treated with KY-20-22. The
results suggested that KY-20-22 significantly increased mitochondrial ROS generation (Figure 2E).
For a positive control, mitochondrial ROS generation was detected in cells treated with hydrogen
peroxide. This result suggests that KY-20-22 may induce cell death by generating mitochondrial ROS.
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2.2. Effect of KY-20-22 on Normal Human Mammary Epithelial Cells
2.2. Effect of KY-20-22 on Normal Human Mammary Epithelial Cells
To assess the toxicity of KY-20-22 on non-cancerous cells, the cell survival of MCF10A, a normal
To assess the toxicity of KY-20-22 on non-cancerous cells, the cell survival of MCF10A, a normal
human mammary epithelial cell, was used for further studies. MCF10A was treated with different
human mammary epithelial cell, was used for further studies. MCF10A was treated with different
concentrations of KY-20-22. The result showed that a dose of up to 50 µM of KY-20-22 did not inhibit
concentrations of KY-20-22. The result showed that a dose of up to 50 µM of KY-20-22 did not inhibit
the survival of MCF10A cells. A significant inhibition of MCF10A cell survival (28% inhibition,
the survival of MCF10A cells. A significant inhibition of MCF10A cell survival (28% inhibition, p <
p < 0.05) was observed with 100 µM of KY-20-22 (Figure 3A). Similarly, the growth of MCF-10A was
0.05) was observed with 100 µM of KY-20-22 (Figure 3A). Similarly, the growth of MCF-10A was not
not significantly decreased by KY-20-22 at lower concentrations (0–50 µM), however, a significant
significantly decreased by KY-20-22 at lower concentrations (0–50 µM), however, a significant
decrease was observed at a 100 µM concentration (Figure 3B). The IC of KY-20-22 required for TNBC
decrease was observed at a 100 µM concentration (Figure 3B). The IC5050of KY-20-22 required for TNBC
cell inhibition was 5 µM and this concentration did not induce cytotoxicity in MCF10A cells. This result
cell inhibition was 5 µM and this concentration did not induce cytotoxicity in MCF10A cells. This
indicates that a lower dose of KY-20-22 is relatively safe in normal breast epithelial cells.
result indicates that a lower dose of KY-20-22 is relatively safe in normal breast epithelial cells.
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Figure 3. Effect of KY-20-22 on cell survival and growth of MCF10A cells. (A) MTT assay of MCF10A
cells treated with different concentrations (0–100 µM) of KY-20-22 for 72 h. (B) Trypan blue exclusion
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cell lines. We found that treatment with KY-20-22 dose-dependently reduced the migration of MDAMB-231 cells. The group treated with 10 µM of KY-20-22 exhibited an 80% reduction in the migratory
cells compared to the vehicle control (p < 0.001) (Figure 4A,B).
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2.4. 1-Chromonyl-5-Imidazolylpentadienone KY-20-22 Downregulates Interleukin-6 (IL-6) Expression
The present study demonstrated that 1-chromonyl-5-imidazolylpentadienone KY-20-22 inhibits
The present study demonstrated that 1-chromonyl-5-imidazolylpentadienone KY-20-22 inhibits
the proliferation and migration of TNBC cell lines. Moreover, our experiments suggested that KY-20-22
the proliferation and migration of TNBC cell lines. Moreover, our experiments suggested that KY-20increases mitochondrial ROS levels. To further understand the effect of this compound against TNBC,
22 increases mitochondrial ROS levels. To further understand the effect of this compound against
we carried out studies on the action of KY-20-22 on specific cytokines that cause chemotherapy
TNBC, we carried out studies on the action of KY-20-22 on specific cytokines that cause
resistance in TNBC. IL-6 is one of the signaling molecules that contributes to chemotherapy resistance
chemotherapy resistance in TNBC. IL-6 is one of the signaling molecules that contributes to
in breast cancer [34]. Hartman et al. reported that IL-6 is a key signaling molecule involved in TNBC
chemotherapy resistance in breast cancer [34]. Hartman et al. reported that IL-6 is a key signaling
tumor growth and is also associated with poor overall patient survival [35]. Furthermore, our search
molecule involved in TNBC tumor growth and is also associated with poor overall patient survival
using The Cancer Genome Atlas (TCGA) database [36,37] confirmed that IL-6 expression influences
[35]. Furthermore, our search using The Cancer Genome Atlas (TCGA) database [36,37] confirmed
the survival of TNBC and ER-negative patients (Figure 6A,B). Specifically, survival was shorter among
that IL-6 expression influences the survival of TNBC and ER-negative patients (Figure 6A,B).
patients with higher IL-6 expression compared to patients with lower IL-6 expression. Thus, the
Specifically, survival was shorter among patients with higher IL-6 expression compared to patients
expression levels of IL-6 were analyzed in MDA-MB-231 and MDA-MB-468 cells after being exposed
with lower IL-6 expression. Thus, the expression levels of IL-6 were analyzed in MDA-MB-231 and
to KY-20-22. The results suggested that the expression of IL-6 was dose-dependently decreased with
KY-20-22 treatment (Figure 6C,D). An approximately three-fold decrease was observed with 10 µM of
KY-20-22 in MDA-MB-231 cells (p < 0.01), and a two-fold decrease in MDA-MB-468 cells (p < 0.001).
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2.5. Synergistic Action of KY-20-22 and Paclitaxel Against TNBC
2.5. Synergistic Action of KY-20-22 and Paclitaxel Against TNBC
It was found that 1-chromonyl-5-imidazolylpentadienone KY-20-22 significantly decreased TNBC
It was found that 1-chromonyl-5-imidazolylpentadienone KY-20-22 significantly decreased
growth and survival. Furthermore, to identify whether KY-20-22 increases the anti-cancer action of a
TNBC growth and survival. Furthermore, to identify whether KY-20-22 increases the anti-cancer
chemotherapy drug, we studied the combined action of paclitaxel and KY-20-22 in TNBC cell lines.
action of a chemotherapy drug, we studied the combined action of paclitaxel and KY-20-22 in TNBC
Initially, we studied the dose-dependent effect of paclitaxel on the survival of MDA-MB-468 and
cell lines. Initially, we studied the dose-dependent effect of paclitaxel on the survival of MDA-MBMDA-MB-231 cells (Figure 7A). Then, cell survival analysis was carried out using a combination of
468 and MDA-MB-231 cells (Figure 7A). Then, cell survival analysis was carried out using a
paclitaxel (5 and 10 nM for MDA-MB-231 and 1 and 5 nM for MDA-MB-468) and different concentrations
combination of paclitaxel (5 and 10 nM for MDA-MB-231 and 1 and 5 nM for MDA-MB-468) and
of KY-20-22 (0.5, 1, and 5 µM). CompuSyn software was used to analyze the combination index (CI)
different concentrations of KY-20-22 (0.5, 1, and 5 µM). CompuSyn software was used to analyze the
of the combined action of KY-20-22 and paclitaxel. The CI of inhibition of cell survival was below
combination index (CI) of the combined action of KY-20-22 and paclitaxel. The CI of inhibition of cell
one (CI < 1) with a combination of KY-20-22 (1 µM and 5 µM) and paclitaxel (MDA-MB-231 5 and
survival was below one (CI < 1) with a combination of KY-20-22 (1 µM and 5 µM) and paclitaxel
10 nM, MDA-MB-468 1 and 5 nM) (Table 1). This result indicates that KY-20-22 and paclitaxel act
(MDA-MB-231 5 and 10 nM, MDA-MB-468 1 and 5 nM) (Table 1). This result indicates that KY-20-22
synergistically to inhibit the survival of TNBC cells. Figure 7B,C represent the combined action of
and paclitaxel act synergistically to inhibit the survival of TNBC cells. Figure 7B,C represent the
paclitaxel (10 nM for MDA-MB-231 and 5 nM for MDA-MB-468) and KY-20-22 (0.5, 1, 5 µM), with
combined action of paclitaxel (10 nM for MDA-MB-231 and 5 nM for MDA-MB-468) and KY-20-22
results that indicate that the survival of paclitaxel- and KY-20-22-treated cells was significantly lower
(0.5, 1, 5 µM), with results that indicate that the survival of paclitaxel- and KY-20-22-treated cells was
compared to individual treatment with either KY-20-22 or paclitaxel.
significantly lower compared to individual treatment with either KY-20-22 or paclitaxel.

Int. J. Mol. Sci. 2020, 21, 5777
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW

9 of 17
15 of 19

Figure
Effectof
of the
the combination
and
KY-20-22
on cell
survival.
MTT assay
(A) MDAFigure
7. 7.Effect
combinationofofpaclitaxel
paclitaxel
and
KY-20-22
on cell
survival.
MTT of
assay
of
and MDA-MB-468
cells treated
with different
concentrations
of paclitaxel
(0–50 (0–50
nM) for
72 h.
(A) MB-231
MDA-MB-231
and MDA-MB-468
cells treated
with different
concentrations
of paclitaxel
nM)
MTT
assayassay
of (B)
andand
(C)(C)
MDA-MB-468
cells
concentrations of
for 72
h. MTT
of MDA-MB-231
(B) MDA-MB-231
MDA-MB-468
cellstreated
treatedwith
withdifferent
different concentrations
of paclitaxel
KY-20-22 (0.5, 1,
1, and
and 55 µM)
µM) for
paclitaxel(MDA-MB-231
(MDA-MB-231 55 and
and 10
10 nM,
nM, MDA-MB-468 1 and 5 nM) and KY-20-22
for 72
72 h. Colony formation of
treated
with
different
of (D)
(D)MDA-MB-231
MDA-MB-231and
and(E)
(E)MDA-MB-468
MDA-MB-468cells
cells
treated
with
different
concentrations
of paclitaxel
andand
KY-20-22
for 72
thethe
treatment
period,
cellscells
were
washed
andand
concentrations
of paclitaxel
KY-20-22
forh.
72After
h. After
treatment
period,
were
washed
allowed
to grow
in normal
growth growth
mediummedium
for 14 days
with crystal
allowed
to grow
in normal
forand
14then
daysstained
and then
stainedviolet.
with Histograms
crystal violet.
represent
the number
of colonies
counted
using an
inverted
microscope.
Each
data point
represents
Histograms
represent
the number
of colonies
counted
using
an inverted
microscope.
Each
data point
therepresents
mean ± SDthe
from
three
independent
** p < 0.01, and
p < 0.001
(vehicle
control
mean
± SD
from three experiments,
independent experiments,
**p***
< 0.01,
and ***p
< 0.001
(vehicle
vs. control
treatment
p < 0.01,##p
###
p < 0.001
vs. paclitaxel
+ KY-20-22
or KY-20-22
vs.
vs. groups),
treatment##groups),
< 0.01,
###p (paclitaxel
< 0.001 (paclitaxel
vs. paclitaxel
+ KY-20-22
or KY-20-22
paclitaxel
+ KY-20-22).
vs. paclitaxel
+ KY-20-22).
Table 1. Combination of KY-20-22 and paclitaxel on cell survival assay.
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combination index (CI) of the combined effect. The synergistic action of KY-20-22 and paclitaxel was
determined based on the CI theorem (additive effect (CI = 1), synergism (CI < 1), and antagonism (CI
the combined effect. The synergistic action of KY-20-22 and paclitaxel was determined based on the CI
> 1) in drug combinations).
theorem (additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug combinations).
Furthermore, colony formation analysis was carried out to assess the combined action of KY-20Furthermore, colony formation analysis was carried out to assess the combined action of KY-20-22
22 (1 µM) and paclitaxel (10 nM for MDA-MB 231 and 5 nM for MDA-MB-468) on the growth of
(1 µM) and paclitaxel (10 nM for MDA-MB 231 and 5 nM for MDA-MB-468) on the growth of
MDA-MB-231 and MDA-MB-468 cells, which revealed that the colonies formed with the combined
MDA-MB-231 and MDA-MB-468 cells, which revealed that the colonies formed with the combined
treatment were significantly reduced with the individual treatment for both cell lines (Figure 7D,E)
treatment were significantly reduced with the individual treatment for both cell lines (Figure 7D,E)
(p < 0.001). These results suggest that KY-20-22 significantly enhances the anti-proliferative action of
(p < 0.001). These results suggest that KY-20-22 significantly enhances the anti-proliferative action of
paclitaxel. Furthermore, a Boyden chamber assay, carried out to assess whether KY-20-22 enhances
paclitaxel. Furthermore, a Boyden chamber assay, carried out to assess whether KY-20-22 enhances
the anti-migratory action of paclitaxel, revealed that the migration of MDA-MB-231 was significantly
the anti-migratory action of paclitaxel, revealed that the migration of MDA-MB-231 was significantly
(p < 0.01) inhibited by the combination of KY-20-22 and paclitaxel treatment compared to individual
(p < 0.01) inhibited by the combination of KY-20-22 and paclitaxel treatment compared to individual
treatment (Figure 8A).
treatment (Figure 8A).
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cells (Figure 5A–D). These results suggested that the 1-chromonyl-5-imidazolylpentadienone induced
anti-cancer action in TNBC cell lines. Moreover, when we combined KY-20-22 with paclitaxel,
the combination synergistically decreased the growth of MDA-MB-231 and MDA-MB-468 cells
(Figure 7B–E).
Traditionally, curcumin is used as an anti-inflammatory agent in various parts of the world, and
recently it has been identified as possessing anti-cancer activity. Combination therapy approaches,
such as the co-administration of curcumin with other dietary components, have shown further
benefit in inhibiting cancer growth and metastasis [16–18]. Combining curcumin with specific dietary
molecules not only increased anti-cancer action but also improved the absorption and bioavailability
of curcumin. For instance, the administration of curcumin with piperine, a compound in black
pepper, increases the anticancer action of curcumin against colorectal cancer [16] and reduces cancer
stem cells in breast cancer [17]. The combined anti-cancer action of curcumin and quercetin has
been reported by us and other investigators [8,24,25,29]. In the present study, we found that the
1-chromonyl-5-imidazolylpentadienone KY-20-22 inhibited the survival and proliferation of TNBC
cells dose-dependently, with an IC50 value of approximately 5 µM (Figure 1A–D). Various reports
indicated that the anti-cancer action of curcumin was mediated through increased ROS generation [5].
The findings indicate that the 1-chromonyl-5-imidazolylpentadienone KY-20-22 carries out the biological
action of both curcumin and quercetin in generating the anti-proliferative actions and ROS generation.
Alterations in the PI3K/AKT/mTOR pathway are common in TNBC [39]. Moreover, there are reports
indicating that the individual action of curcumin and quercetin could regulate the PI3K/Akt/mTOR
signaling pathways [40,41]. Hence, the anti-proliferative action of KY-20-22 may be due to the
regulation of this pathway. It has been found that mTOR signaling is not only deregulated in cancer
but also in different pathological conditions and the mTOR pathway is critical to the pathogenesis of
HIV-related malignancies [42] and different autoimmune diseases [43]. Hence, KY-20-22 might also
be effective in treating different pathological conditions which exhibit deregulated PI3K/Akt/mTOR
signaling. Furthermore, 1-chromonyl-5-imidazolylpentadienone KY-20-22 (10 µM) significantly
(p < 0.01) increased E-cadherin expression and decreased N-cadherin levels in both MDA-MB-231 and
MDA-MB-468 cells (Figure 5A–D). These results indicated that KY-20-22 is able to induce “cadherin
switching” in TNBC cells. TNBC, a very aggressive breast cancer compared to other subtypes, is a
heterogeneous cancer with basal-like and claudin-low TNBC being the major subtypes. Notably, only a
portion of basal-like breast cancers are TNBC (77%) [44]. Studies have suggested that basal-like TNBC
is associated with mesenchymal features and with a higher expression of EMT genes and a lower
expression of E-cadherin or E-cadherin loss [32,44,45]. While our study revealed that the KY-20-22
molecule could modulate the EMT process and alter the mesenchymal features of TNBC, further
in vivo studies are required to confirm this.
We found that KY-20-22 significantly reduced MMP-9 expression in MDA-MB-231 cells
(Figure 5E,F). MMP-9 expression is regulated by various cytokines and growth factors, with the
cytokine IL-6 regulating MMP-9 in macrophage cells [46]. Higher expression levels of IL-6 and IL-8
contribute to TNBC proliferation and metastasis [47] and, moreover, a higher expression of IL-6 is
associated with chemotherapy resistance in breast cancer [47,48]. Rincon et al. reported that the
response to paclitaxel is lower in breast cancer patients with a higher expression level of IL-6 [48].
In the present study, we used TCGA analysis, which is routinely used to identify novel therapeutic
targets in different types of cancers [36,37]. We detected that higher IL-6 expression reduces the
survival rate of TNBC and ER-negative patients (Figure 6A,B). All of this information indicates that
IL-6 plays a significant role in the pathology of TNBC. We observed significantly lower levels of IL-6
expression in KY-20-22-treated TNBC cells (Figure 6C,D). One of the major events associated with IL-6
binding to its receptor is the activation of signal transducers and activators of transcription-3 (STAT-3).
Various studies have indicated that STAT-3 is a molecular target for curcumin via IL-6 modulation
for various cancer types [3]. Hence, further studies are required to confirm the action of KY-20-22
in inhibiting the signaling of STAT-3 in TNBC cells. Moreover, IL-6 is a major cytokine involved in
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different autoimmune diseases. Hence, KY-20-22 might have therapeutic action towards autoimmune
diseases such as rheumatoid arthritis, which is treated with the anti-IL-6 receptor tocilizumab [49].
Additionally, we detected that the combination of paclitaxel and KY-20-22 induced a synergistic
anti-cancer action against TNBC. Our studies suggested that low concentrations of paclitaxel (5–10 nM)
and 1 µM of KY-20-22 inhibited 60–70% of MDA-MB-231 and MDA-MB-468 cell survival (Figure 7B,C).
Moreover, the migration of MDA-MB-231 cells was significantly reduced by the combination of
KY-20-22 and paclitaxel compared to individual treatment (Figure 8A). Furthermore, various studies
reported that curcumin and its analogs increase sensitivity to chemotherapeutic drugs by reversing the
multidrug resistance of cancer cells [50,51]. The combined action of paclitaxel and KY-20-22 on TNBC
cells may be due to the action of KY-20-22 on multidrug resistance proteins. The induction of cancer
cell apoptosis by various chemotherapeutic drugs is associated with cellular ROS generation [38].
The level of ROS generation varies for different drugs, and cellular ROS production is higher for
doxorubicin, epirubicin, and daunorubicin and lower for taxanes, vinca alkaloids, and nucleotide
analogs [52]. A decrease in cellular anti-oxidant levels and mitochondrial ROS generation are the
reasons behind chemotherapy-induced cellular levels in ROS. Hence, it is worthwhile to identify
compounds that target ROS levels to treat solid tumors [53]. In this study, we found that the combination
of paclitaxel and KY-20-22 significantly increased ROS generation compared to paclitaxel treatment
alone in MDA-MB-231 cells (Figure 8B). Therefore, it is possible that the combination of KY-20-22
with paclitaxel increases the anti-cancer activity of paclitaxel or reduces paclitaxel resistance in TNBC.
However, further in vivo studies are required to confirm the combined action of paclitaxel and KY-20-22
in the TNBC animal model. Moreover, our study found that KY-20-22 is not toxic to normal mammary
cells at the dose required for TNBC cell inhibition. Future animal studies are essential for the detection
of the therapeutic index of KY-20-22.
Studies on the pharmacokinetics of KY-20-22, including its absorption, bioavailability, and
metabolism, are also needed to confirm the novelty of this compound. In particular, the
bioavailability of curcumin/quercetin has been considered a major limitation to achieving their
biological activity in the in vivo system [13]. The preparation of various curcumin/quercetin analogs
and different formulations have been explored to increase the bioavailability of these compounds [14].
The 1-chromonyl-5-imidazolylpentadienone KY-20-22 is prepared by inserting specific moieties to
overcome this limitation. However, our present study did not evaluate the bioavailability of KY-20-22
in any system.
In conclusion, the findings of our present study suggest that the 1-chromonyl-5imidazolylpentadienone KY-20-22 induced an anti-proliferative effect and enhanced ROS generation in
TNBC cells. Furthermore, KY-20-22 regulated different EMT markers and decreased the expression of
signaling molecules such as MMP-9 and IL-6. A combination of KY-20-22 and paclitaxel demonstrated
a synergistic effect on TNBC growth reduction. These results indicate that KY-20-22 is a novel molecule
that encompasses the biological action of both curcumin and quercetin in inducing anti-cancer action
in TNBC. Further in vivo studies are required to evaluate the TNBC tumor-reducing efficacy and
bioavailability of KY-20-22.
4. Materials and Methods
4.1. Materials
First, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). MDA-MB-231, MDA-MB-468, and T47D breast cancer cell lines
were purchased from ATCC (Manassas, VA, USA). An RNA isolation kit was purchased from Qiagen
(Germantown, MD, USA). Taqman gene expression assays and master mix for quantitative polymerase
chain reaction (PCR) were purchased from Life Technologies (Waltham, MA, USA).
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4.2. 1-Chromonyl-5-Imidazolylpentadienone Synthesis
The original design of 3-((1E,4E-5-(1-ethyl-1H-imidazol-2-yl)-3-oxopenta-1,4-dien-1-yl)-4Hchromen-4-one was driven by the notion that appreciable synergistic effects can be achieved
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4.5. Colony Formation Assay
MDA-MB-231 and MDA-MB-468 cells were plated at a density of 0.2 × 106 cells in 24-well plates
and treated with KY-20-22 as indicated in the figure legends. The cells treated with vehicle and KY-20-22
were allowed to grow for 2 weeks to form colonies. The growth medium was replenished in a 72 h
time interval in all the samples. After 2 weeks, the cells were washed with PBS, fixed with methanol,
and stained with crystal violet (0.5% w/v). The images of the stained cells were taken using an inverted
microscope and the colonies were counted.
4.6. Boyden Chamber Assay
MDA-MB-231 and MDA-MB-468 cells (2.5 × 103 ) were exposed to KY-20-22 (1 µM and 10 µM).
After 24 h, cells were seeded in Boyden chambers containing matrigel (BioCoat, Franklin Lakes,
NJ, USA) and chambers were placed in a 24-well culture dish containing complete growth medium
supplemented with chemo-attractant. After 24 h, the migrated/invaded cells on the lower surface of
the membrane were stained with crystal violet and counted.
4.7. Quantitative RT-PCR Analysis
Isolated total RNA from KY-20-22-treated MDA-MB-231 and MDA-MB-468 cells were reverse
transcribed using a Verzo cDNA kit (ThermoFisher Scientific, Waltham, MA). Quantitative RT-PCR
of E-cadherin (assay ID: Hs 01023895_m1), N-cadherin (assay ID: Hs 00983056_m1), MMP-9 (assay
ID: Hs 00234579_m1), and IL-6 (assay ID: Hs 00985641_m1) were carried out using TaqMan gene
expression assay method (Life Technologies, Waltham, MA, USA). GAPDH (assay ID: HS02758991_g1)
expression was used to normalize mRNA expression levels.
4.8. Detection of Mitochondrial ROS Accumulation
The measurement of mitochondrial ROS levels was carried out using the MitoSOX Red superoxide
indicator (Molecular Probes, Fisher Scientific), a highly selective fluorogenic dye, as previously
reported [55]. MitoSOX Red reagent permeates live cells, and rapidly and selectively targets
mitochondria. At the mitochondrial level, it is rapidly oxidized by superoxide; the oxidation of
MitoSOX reagent leads to red fluorescence. Cells were incubated with 3 µM MitoSOX Red in Hanks’s
balanced salt solution (HBSS) at room temperature for 25 min in the dark, and washed with dye-free
HBSS. The intensity of red fluorescence after excitation at 510 nm was acquired at a frequency of
0.25 Hz and evaluated as a measure of mitochondrial superoxide accumulation.
4.9. Statistical Analyses
Statistical analyses were performed using GraphPad Prism (version 8.0) software (GraphPadPrism
Software, Inc. San Diego, California). Multiple analyses comparing to the vehicle control were carried
out using one-way ANOVA followed by Dunnett’s test. A Student’s t-test was used to compare two
groups (paclitaxel or KY-20-22 vs. paclitaxel + KY-20-22). For all experiments, p < 0.05 was considered
significant. CompuSyn software was used to analyze the combination index of the combined action of
KY-20-22 and paclitaxel. A synergistic action of KY-20-22 and paclitaxel was determined based on
the Combination Index CI theorem of Chou–Talalay (additive effect CI = 1, synergism CI < 1, and
antagonism CI > 1) [56].
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Nedeljković, M.; Damjanović, A. Mechanisms of Chemotherapy Resistance in Triple-Negative Breast
Cancer-How We Can Rise to the Challenge. Cells 2019, 8, 957. [CrossRef]
Maxwell, K.N.; Wubbenhorst, B.; Wenz, B.M.; De Sloover, D.; Pluta, J.; Emery, L.; Barrett, A.; Kraya, A.A.;
Anastopoulos, I.N.; Yu, S.; et al. BRCA locus-specific loss of heterozygosity in germline BRCA1 and BRCA2
carriers. Nat. Commun. 2017, 8, 319. [CrossRef]
Kundur, S.; Prayag, A.; Selvakumar, P.; Nguyen, H.; McKee, L.; Cruz, C.; Srinivasan, A.; Shoyele, S.;
Lakshmikuttyamma, A. Synergistic anticancer action of quercetin and curcumin against triple-negative
breast cancer cell lines. J. Cell. Physiol. 2019, 234, 11103–11118. [CrossRef]
Al-Yousef, N.; Shinwari, Z.; Al-Shahrani, B.; Al-Showimi, M.; Al-Moghrabi, N. Curcumin induces
re-expression of BRCA1 and suppression of γ synuclein by modulating DNA promoter methylation
in breast cancer cell lines. Oncol. Rep. 2020, 43, 827–838. [CrossRef]
Rowe, D.L.; Ozbay, T.; O’Regan, R.M.; Nahta, R. Modulation of the BRCA1 Protein and Induction of Apoptosis
in Triple Negative Breast Cancer Cell Lines by the Polyphenolic Compound Curcumin. Breast Cancer Auckl.
2009, 3, 61–75. [CrossRef]
Wang, M.; Jiang, S.; Zhou, L.; Yu, F.; Ding, H.; Li, P.; Zhou, M.; Wang, K. Potential Mechanisms of Action of
Curcumin for Cancer Prevention: Focus on Cellular Signaling Pathways and miRNAs. Int. J. Biol. Sci. 2019,
15, 1200–1214. [CrossRef] [PubMed]
Rahmani, A.H.; Al Zohairy, M.A.; Aly, S.M.; Khan, M.A. Curcumin: A potential candidate in prevention of
cancer via modulation of molecular pathways. Biomed. Res. Int. 2014, 2014, 761608. [CrossRef] [PubMed]
Dei Cas, M.; Ghidoni, R. Dietary Curcumin: Correlation between Bioavailability and Health Potential.
Nutrients 2019, 11, 2147. [CrossRef] [PubMed]
Tomeh, M.A.; Hadianamrei, R.; Zhao, X. A Review of Curcumin and Its Derivatives as Anticancer Agents.
Int. J. Mol. Sci. 2019, 20, 1033. [CrossRef] [PubMed]
Toden, S.; Goel, A. The Holy Grail of Curcumin and its Efficacy in Various Diseases: Is Bioavailability Truly a
Big Concern? J. Restor. Med. 2017, 6, 27–36. [CrossRef]
Bolat, Z.B.; Islek, Z.; Demir, B.N.; Yilmaz, E.N.; Sahin, F.; Ucisik, M.H. Curcumin- and Piperine-Loaded
Emulsomes as Combinational Treatment Approach Enhance the Anticancer Activity of Curcumin on HCT116
Colorectal Cancer Model. Front. Bioeng. Biotechnol. 2020, 8, 50. [CrossRef]
Colacino, J.A.; McDermott, S.P.; Sartor, M.A.; Wicha, M.S.; Rozek, L.S. Transcriptomic profiling of
curcumin-treated human breast stem cells identifies a role for stearoyl-coa desaturase in breast cancer
prevention. Breast Cancer Res. Treat. 2016, 158, 29–41. [CrossRef]
Nishimuro, H.; Ohnishi, H.; Sato, M.; Ohnishi-Kameyama, M.; Matsunaga, I.; Naito, S.; Ippoushi, K.; Oike, H.;
Nagata, T.; Akasaka, H.; et al. Estimated daily intake and seasonal food sources of quercetin in Japan.
Nutrients 2015, 7, 2345–2358. [CrossRef]
Srinivasan, A.; Thangavel, C.; Liu, Y.; Shoyele, S.; Den, R.B.; Selvakumar, P.; Lakshmikuttyamma, A. Quercetin
regulates β-catenin signaling and reduces the migration of triple negative breast cancer. Mol. Carcinog. 2016,
55, 743–756. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 5777

20.
21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.
34.
35.

36.

37.

16 of 17

Niedzwiecki, A.; Roomi, M.W.; Kalinovsky, T.; Rath, M. Anticancer Efficacy of Polyphenols and Their
Combinations. Nutrients 2016, 8, 552. [CrossRef]
Lao, C.D.; Ruffin, M.T., IV; Normolle, D.; Heath, D.D.; Murray, S.I.; Bailey, J.M.; Boggs, M.E.; Crowell, J.;
Rock, C.L.; Brenner, D.E. Dose escalation of a curcuminoid formulation. BMC Complement. Altern. Med.
2006, 6, 4–7.
Riva, A.; Ronchi, M.; Petrangolini, G.; Bosisio, S.; Allegrini, P. Improved Oral Absorption of Quercetin
from Quercetin Phytosome®, a New Delivery System Based on Food Grade Lecithin. Eur. J. Drug Metab.
Pharmacokinet. 2019, 44, 169–177. [CrossRef] [PubMed]
Kim, H.G.; Lee, J.H.; Lee, S.J.; Oh, J.H.; Shin, E.; Jang, Y.P.; Lee, Y.J. The increased cellular uptake and biliary
excretion of curcumin by quercetin: A possible role of albumin binding interaction. Drug Metab. Dispos.
2012, 40, 1452–1455. [CrossRef] [PubMed]
Zhang, J.Y.; Lin, M.T.; Zhou, M.J.; Yi, T.; Tang, Y.N.; Tang, S.L.; Yang, Z.J.; Zhao, Z.Z.; Chen, H.B. Combinational
Treatment of Curcumin and Quercetin against Gastric Cancer MGC-803 Cells in Vitro. Molecules 2015, 20,
11524–11534. [CrossRef] [PubMed]
Srivastava, N.S.; Srivastava, R.A.K. Curcumin and quercetin synergistically inhibit cancer cell proliferation
in multiple cancer cells and modulate Wnt/β-catenin signaling and apoptotic pathways in A375 cells.
Phytomedicine 2019, 52, 117–128. [CrossRef] [PubMed]
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